AQM (Active Queue Management) mechanisms support the end-to-end congestion control mechanism of TCP (Transmission Control Protocol). Several AQM mechanisms have been recently proposed and studied by many researchers. One of popular AQM mechanisms is the RED (Random Early Detection) gateway, which randomly discards arriving packets. Although its steady state performance has been fully investigated, its transient behavior has not been well understood. In our previous work, we have analyzed the m s i e n t behavior of the RED gateway for limited cases of TCP connection variations. In this paper, by extending OUT previous work, we analyze the transient behavior of the RED gateway for various types of TCP connection variations (e.g., intermittent arrival or continuous arrival of multiple TCP connections). We use a conml theoretic approach, which is based on the transfer function describing ness of the RED gateway is fully dependent on a choice of its four control parameters, it is not trivial to configure them appropriately.
A number of studies on the RED gateway have been extensively performed by many researchers. Most of those studies (e.g., C2.31) have used a simulation technique for clearly revealing characteristics of the RED gateway in various network configurations and for investigating how control parameters of the RED gateway affect its efficiency. There Although there have been a great number of researches on the RED gateway, but most of them simply focus on its steady sfate behavior. There have been very few researches on the trmsienf behavior of the RED gateway. In [ll], we have analyzed the transient behavior of the k D gateway for variation in the number of TCP connections. Our analysis was based on the steady state analysis presented in [8].
To the best of our knowledge, this is the only study on the transient behavior of the RED gateway. However, in [lll, we have analyzed only for temporary variation in the number of TCP connections. The transient behavior of the RED gateway for more realistic TCP connection variations has not been investigated. In this paper, we therefore analyze the transient behavior of the RED gateway for various types of TCP connections variations by extending our analytic approach presented in [ll]. We use a control theoretic approach of utilizing the transfer function, which describes the relation between the input and the output in frequency domain. We also validate our approximate analysis by comparing analytic results with simulation ones.
Introduction
In the last few years, AQM (Active Queue Management) mechanisms that support an end-to-end congestion control mechanism of TCP have been studied by many researchers [l]. For instance, a RED (Random Early Detection) is a representative AQM mechanism, which randomly drops an arriving packet at the gateway for improving the performance to TCP trafiic This paper is organized as follows. In Section 2, we explain the analytic model of the RED gateway, which will be used throughout this paper. We also briefly explain the derivation of average state transition equations, which are the basis of our transient analysis.
In Section 3, we analyze the transient behavior of the RED gateway for various types of TCP wnnection variations using a control theoretic approach. In Section 4, several numerical examples are presented to discuss how control parameten of the RED gateway affect its transient behavior. The validity of our approximate analysis is also investigated by comparing analytic results with simulation ones. In Section 5, we finally conclude this paper and discuss future works.
Analytic Model and State 'kinsition Equations
In this paper, we analyze the transient behavior of the RED gateway by extending the analytic method presented in [l 11. We first briefly explain our analytic model ( Fig. 1 ) and the state transition equations derived in [l I]. The definitions of symbols are summarized in Tab. 1. In [ll] , the following assumptions are made: (1) all TCP connections are operating in the congestion avoidance phase, (2) source hosts can detect the occurrence of a packet loss by receiving duplicate ACKs (i.e., timeout never occurs), (3) transmission speeds of all links are assumed to be sufficiently faster than the processing speed of the RED gateway, (4) all TCP connections change their window sizes synchrononsly, and ( 5 ) the average queue length ii is between minth and mazth because control parameters of the RED gateway are configured appropriately. Note that validity of these assumptions is discussed in 181.
Under these assumptions, the entire network is modeled by a discrete-time system, where a time slot of the system corresponds to the round-trip time of TCP connections.
Namely, the derivations of the window size w(k), the current queue length @), and the average queue length a(k) are given by the following equations. 
Refer to [&?, 111 for the detail of the derivation.
ltansient Behavior Analysis
In what follows, we analyze the transient behavior of the (Fig. 2) . The linearized state transition equations given by Eq. (4) can be extended to include u(k) and y(k) as the input and the output, respectively [ll]. Namely,
Second, the other two cases (C3 and C4), where a part of TCP connections will operate in the slow start phase after the TCP connection variation, are considered. Let u(k) be the difference in the total numbers of packets sent from source hosts operating in the slow start phase at slot k -1 and slot k. Let y(k) be the queue length of the RED gateway at slot k (Fig. 3) . Similar to the previous cases, the linearized state transition equations given by Eq. (4) can be extended to include u(k) and y(k) as the input and the output, respectively. 
Y ( z ) = G ( z ) U ( r ) (7)
The transfer functions of the system described by Eqs. (5) and (6) 
G ( t ) = C ( z I -A ) -' B
It is known that the stability and the transient behavior of a closed-loop system are determined by the poles of its transfer function. By investigating the modulus of poles Xi, the stability and the transient behavior of the system can be easily known. In our transient behavior analysis, the input is the z-transform of either the difference in the numbers of TCP connections (C1 and C2) or the difference in the sum of window sizes of all source hosts (C3 and C4). The transient performance of the RED gateway is therefore determined by poles of G(z) x U ( r ) . However, Eq. (7) always has the The model is built via a thorough description of both the gasdynamics and the beat release process, which is concisely outlined. The validation is carried out on the basis of real experimental data, and it is founded on a mixed lineadnonlinear identifieaiiou method with the support ofthe describing funclion theory for the deteclion of limit cycle behavior.
I. INTRODUCTION
Plants constituted by a duct of finite length where the flowing air is heated by an intemal source may show f h e~c o u r t i c instabiliv behavior. These phenomena are due to the interaction between the flow and the heat release dynamics, giving rise to oscillations of the fluid-thermodynamic variables.
Thennoacoustic instabilities can be seen in several wmbustion system, such as gas turbine systems, missiles or rockets, where the heating s o m e i s generally a lean premixed flame.
Simpler devices also show such a behavior: here, heat can be also provided by bot metal wires or elecaically driven resistances. The problem of damping unwanted thermoacoustic instabilities is a major issue in gas turbine plants based on premixed flame. The adoption of active or passive conml strategies requires the deep comprehension of this phenomena. The reproduction of thermoacoustic instabilities in laboratory scale test rigs helps to understand the leading dynamics and interactions. This facility has been set up at the the Jet Propulsion Center (E) of the California Institute of Techoology in Pasadena, CA, USA.
In this paper, the experimental data have been used to identify and validate a model of the device, correctly interpreting thennoacoustic instabilities. The model is a nonlinear, physically based one, and it describes the coupling between the gasdynamics and the heat release mecbanism. The identification of the unknown parameters is based on a method employing describing function techniques. It is found that the proposed model can give a c o m t interpretation of the limit cycle behavior, observed when instabilities occur.
The paper is structured as follows: in Section E, a brief description of the state of the art on Rijke tubes is provided, as well as of the experimental apparatus is carried Out The model is presented in Section III, whereas the identification of the unknown parameters and the model validation are discussed respectively in Sections N and v. 
